• Volasertib plus low-dose cytarabine increased the response rate and improved survival in AML patients ineligible for intensive treatment.
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• Volasertib plus low-dose cytarabine resulted in responses across all AML genetic subgroups and had a clinically manageable safety profile.
Introduction
Acute myeloid leukemia (AML) arises in all age groups, but it is mainly a disease of the older patient, with a median age at diagnosis that has reached 70 years. 1,2 Age has a major impact on both the management and outcomes of patients with AML. Older patients frequently present with unfavorable prognostic factors that are related to patient characteristics, such as general health condition and specific comorbidities as well as those related to the leukemia cells, including a higher frequency of secondary AML arising from previous myelodysplastic syndrome and adverse genetics. [3] [4] [5] The spectrum of treatment ranges from standard "3 1 7" induction therapy to palliation with supportive care (SC) . No algorithm has ever entered clinical practice defining patients who are "ineligible" for intensive induction chemotherapy. In daily practice, age, performance status, comorbidities, disease features, and, importantly, the patient's wishes and doctor's view are major determinants for the decisionmaking process, an algorithm that is reflected in current recommendations for AML management. 5 Many older patients will opt for a middle ground; that is, they wish for active leukemia treatment with the hope of prolonging life and preserving a high quality of life. One standard therapy that meets these criteria is the subcutaneous (s.c.) administration of low-dose cytarabine (LDAC) over 10 days in 4-week cycles, an approach that has been more widely accepted in Europe than in the United States. 6 Attempts to improve upon this standard by novel drugs have so far failed. mitosis, centrosome maturation, assembly of the bipolar spindle, sister chromatid separation, and progression through anaphase and cytokinesis. [8] [9] [10] Physiologically, Plk1 is expressed only in dividing cells with peak expression during G2/M phase. Plk1 has been shown to be overexpressed in a range of human cancers, including non-small cell lung cancer, prostate, ovarian, breast, and colorectal cancer as well as AML. 8, 11, 12 In some tumor types, overexpression correlates with a worse prognosis. 13 Inhibition of Plk1 results in G2/M arrest with an increase of phospho-histone H3 levels. Plk1 deficiency elicits a typical "Polo arrest" phenotype; that is, the formation of a monopolar or disorganized spindle with subsequent apoptotic cell death.
Volasertib (laboratory code: BI 6727) is a low-molecular-weight, adenosine triphosphate-competitive kinase inhibitor that potently inhibits Plk1 as well as the 2 closely related kinases, Plk2 and Plk3, with 50% inhibitory concentration values of 0.87, 5, and 56 nmol/L, respectively.
14 Volasertib did not demonstrate inhibitory activity when screened against a panel of more than 50 other kinases at clinically relevant concentrations, confirming specificity for Plks. Volasertib has shown in vivo efficacy in multiple xenograft models, including AML. A predecessor compound, BI 2536, 15, 16 was previously evaluated in older patients with relapsed/refractory AML and provided a first proof-of-principle of the potential therapeutic value of targeting Plk in patients with AML. 17 Clinical development of BI 2536 was discontinued in favor of volasertib, which has an improved pharmacokinetic profile.
14 Other Plk inhibitors have shown efficacy in preclinical models of AML, but have not yet entered clinical development. 18, 19 This trial (BI 1230.4) was designed as a phase 1/2, open-label, multicenter trial of volasertib in patients with AML ineligible for intensive induction therapy. In the phase 1 part, dose escalation was performed in patients with relapsed/refractory AML. In combination with LDAC, a dose of 350 mg volasertib (given on days 1 1 15) was determined as the maximum tolerated dose (manuscript in preparation). 20 Six of 32 patients responded, providing evidence for antileukemia activity. Objectives of the randomized, phase 2 part reported here were to evaluate efficacy and safety of LDAC 1 volasertib vs LDAC in patients with previously untreated AML not considered suitable for intensive therapy.
Patients and methods

Trial design and patients
In the phase 2 part of the trial, patients were randomized in a 1:1 ratio to receive LDAC 20 mg twice daily (bid) s.c. on days 1 through 10 alone vs the combination of LDAC 1 volasertib 350 mg IV over 1 hour on days 1 1 15. Randomization was not stratified for any patient or disease characteristics. Cycles were scheduled every 4 weeks until progression, relapse, intolerance, or patient/investigator requested discontinuation.
Inclusion criteria included previously untreated (except hydroxyurea during screening phase to control hyperleukocytosis) adult patients with AML who were considered unsuitable for intensive induction therapy, performance status #2, and signed written informed consent consistent with International Conference on Harmonization-Good Clinical Practice and local legislation. Ineligibility for intensive remission induction therapy was based on investigator assessment of disease characteristics such as AML genetics, type of AML (de novo or secondary), and patient characteristics such as age, performance score, concomitant diagnoses, and organ dysfunctions. Exclusion criteria included acute promyelocytic leukemia with t(15;17)(q22;q12), PML-RARA, presence of a second malignancy requiring treatment, known central nervous system leukemia, clinically relevant QT prolongation (ie, long QT syndrome; QTcF .470 ms), inadequate organ function (bilirubin .1.5 mg/dL, aspartate aminotransferase or alanine aminotransferase .2.5-fold the upper limit of normal, serum creatinine .2.0 mg/dL), concomitant intercurrent illness that could compromise the evaluation of efficacy or safety of the trial drug (eg, active severe infection, unstable angina pectoris, severe cardiac insufficiency), and psychiatric illness or social situation that would limit compliance with trial requirements.
Cytogenetics and NPM1, CEBPA, and FLT3 mutational studies as well as assignment to genetic groups according to the European LeukemiaNet (ELN) classification 5 were performed centrally at Ulm University. Risk groups were assigned based on a validated scoring system. 21 The plasma concentrations of volasertib and cytarabine were determined by validated liquid chromatography-tandem mass spectrometry and concentration-time data of volasertib and cytarabine in plasma were analyzed by noncompartmental methods using the software WinNonlin (Version 5.02, Pharsight).
First response assessment was performed at the end of the first cycle in all patients. Further assessments were dependent on leukemia activity: in the case of persistence of leukemic cells in the blood, no bone marrow aspiration had to be performed; if no leukemic cells were detected in the blood and other clinical signs of leukemia were absent, a bone marrow aspirate was obtained prior to the next cycle; in the case of complete remission (CR) and complete remission with incomplete blood count recovery (CRi), further bone marrow examinations were performed after every other cycle; and in the case of persistence of leukemia in the bone marrow, further examinations were done after each cycle. Finally, a bone marrow aspirate was obtained as soon as relapse was suspected. Patients not achieving a remission were permitted by protocol design to continue therapy as long as they were perceived not to suffer progression of disease and to derive benefit. Response to treatment was evaluated locally at the trial site according to standard criteria.
5,22
The trial was conducted in accordance with the principles laid down by the Declaration of Helsinki, registered (www.clinicaltrials.gov #NCT00804856; EudraCT 2008-003617-27), and approved by the ethics committees of all participating centers.
Statistical analyses
The primary end point of the phase 2 part of the trial was objective response defined as CR and CRi; secondary end points included event-free survival (EFS), relapse-free survival (RFS), overall survival (OS), and incidence and intensity of adverse events (AEs) according to Common Terminology Criteria for Adverse Events, version 3.0, and pharmacokinetics. The data cutoff for this analysis was November 7, 2013. All analyses involved the treated patients only; the 2 patients randomized but never treated were excluded from the analysis.
The calculation of the phase 2 sample size was based on a stopping for futility approach, 23, 24 assuming that the actual phase 2 trial represented an interim analysis of a (hypothetical) phase 3 trial. The test decision (with respect to phase 2) was made by looking at the conditional power that volasertib would show superiority in the hypothetical phase 3 trial. It was assumed that the response rate in the control arm was 15%, whereas the response rate in the investigational arm was 30%. This led to a sample size of 86 patients for the (hypothetical) interim analysis; that is, 43 patients per treatment arm. These assumptions correspond to a power of 78.3% and a type I error (the critical P value) of 18.9% with a critical conditional power value of 23.6% (under the current trend hypothesis). 23 The comparison of objective response rates between treatment arms was based on the odds ratio (OR).
EFS was defined as the time between the date of randomization and the date of progressive disease or death, whichever occurred first. OS was defined as the time between the date of randomization and the date of death. For patients with objective response, RFS was defined as the time between first date of objective response and date of relapse or death. Patients alive at their last contact date were censored for EFS, RFS (if without progression), and OS. In addition, patients receiving other antileukemia therapy before occurrence of progressive disease were censored for EFS and RFS, but not OS, at the date of last disease assessment before the new therapy was started. The Kaplan-Meier 25 method was used to estimate the distribution of EFS, RFS, and OS; hazard ratios (HRs), including 95% confidence intervals (CIs) were estimated based on the Cox proportional hazards model; the treatment arms were compared using the log-rank test. Standard descriptive analyses were done for all other variables. All statistical analyses were performed on the set of patients receiving at least one dose of therapy with the statistical software SAS, version 9.2.
Results
Patient characteristics
Between October 2010 and September 2011, 89 patients were randomized at 27 sites in 7 countries, and 87 patients started treatment; 2 patients (both randomized to LDAC 1 volasertib) never commenced treatment because of a physical condition and a fatal AE in the screening period, respectively. Patient demographics and baseline disease characteristics were overall balanced between the treatment arms as listed in Table 2 .
Treatment exposure. The median number of cycles initiated was similar in both treatment arms (Table 3) : for responding patients, it was 8 (range, 2-22) for LDAC 1 volasertib, and 7 (range, 5-11) for LDAC; for nonresponding patients it was 2 (range, 1-10) and 2 (range, 1-12), respectively. On the other hand, the duration of treatment was longer in the combination arm: the median number of days on treatment in responding patients was 309 (range, 83-869) for LDAC 1 volasertib compared with only 214 (range, 153-350) for LDAC monotherapy.
Survival analyses
At the time of analysis, 77 of 87 patients (88.5%) had died and the remaining patients were followed for a median of 28.2 months. One patient was lost to follow-up after 47 days and the remaining 9 living patients were followed for 23.7 to 34.1 months.
EFS of patients receiving LDAC 1 volasertib (n 5 42) was significantly longer compared with patients receiving LDAC alone (n 5 45; median EFS 5.6 vs 2.3 months; HR, 0.57; 95% CI, 0.35-0.92; P 5 .021; Figure 1A ). Remissions achieved by the combination appeared to be more durable; the RFS was 18.5 vs 10.0 months for LDAC 1 volasertib (n 5 13) and LDAC (n 5 6), respectively ( Figure 1B ). In the combination arm, 4 patients are in sustained CR for 22 months or longer. The higher response rate and longer RFS translated into an improved OS for LDAC 1 volasertib vs LDAC (median OS 8.0 vs 5.2 months; HR, 0.63; 95% CI, 0.40-1.00; P 5 .047; Figure 1C) .
Exploratory analysis by genetic groups showed that patients with favorable, intermediate I, and intermediate II genetics combined as well as patients with adverse genetics appeared to benefit from the combination therapy. Median OS in the favorable, intermediate I and II groups were 9.8 vs 7.8 months for LDAC 1 volasertib and LDAC, respectively (HR, 0.54; 95% CI, 0.29-1.02; Figure 2A ). Median OS in the adverse genetic group was 5.9 vs 3.3 months (HR, 0.63; 95% CI, 0.29-1.40; Figure 2B ).
Safety
In general, the combination of LDAC 1 volasertib showed a clinically acceptable safety profile. As mentioned previously, the median number of cycles administered in responding patients was similar for LDAC and LDAC 1 volasertib, although the duration on treatment was longer for the combination arm, giving indirect evidence for more profound myelosuppression and prolonged hematologic recovery. However, the number of red blood cell and platelet units transfused per month was comparable in both treatment arms (Table 4) . There was an increase in nonhematologic AEs with LDAC 1 volasertib compared with LDAC, although AEs were clinically manageable ( Table 5 ). The increased AE frequency in patients receiving LDAC 1 volasertib was most pronounced in gastrointestinal AEs grade 3 (21% vs 7%), febrile neutropenia grade 3 (38% vs 7%), and infections grade 3 (38% vs 7%). Notably, there was no difference in the death rates at days 30, 60, and 90 between the 2 treatment arms ( Table 2 ).
Pharmacokinetics
The pharmacokinetics of volasertib were determined following a 1-hour IV infusion of 350 mg volasertib. The apparent half-life of volasertib was 116 hours. Volasertib showed a moderate plasma clearance (897 mL/min; geometric coefficient of variation 43%) and a large volume of distribution (6130 L; geometric coefficient of variation 42%). Volasertib pharmacokinetics in combination with LDAC were similar to those obtained earlier for volasertib monotherapy, 26 suggesting no effect of cytarabine on the pharmacokinetics of volasertib. Further, the exposure to cytarabine following s.c. doses of 20 mg bid, as indicated by the maximum concentration and area under the curve values, were similar with or without coadministration of volasertib. Maximum concentration and area under the curve 0-4h values were on average 53.8 ng/mL and 71.1 ng 3 h/mL, respectively.
Discussion
In this randomized, phase 2 study, we compared efficacy and safety of LDAC with and without volasertib, a highly potent and selective inhibitor of Plk, in previously untreated patients with AML considered unsuitable for intensive therapy. By adding volasertib to LDAC, the overall response was more than doubled, with 31% vs 13% for LDAC alone. More importantly, in contrast to most previous novel compounds tested in this patient population, the combination of LDAC 1 volasertib showed a signal for EFS and OS benefits. However, it should be kept in mind that the study was not powered to show an improvement in survival end points.
For the combination of LDAC 1 volasertib, responses were observed across all genetic subgroups of AML. Notably, 5 of 14 patients whose leukemic cells exhibited adverse genetics responded. The response rate in this genetic high-risk group was remarkable. In addition, LDAC 1 volasertib appeared to result in a similar increase in OS within the adverse and the other genetic groups, although survival was shorter in the adverse genetic group in both treatment arms (Figure 2 ). Preclinical data suggest that cancer cells with deficient p53, a hallmark of AML with complex karyotypes, 27 may actually be more sensitive to Plk1 depletion than cancer cells with functional p53. 28, 29 Given the antimitotic mode of action of volasertib, we also evaluated response by presenting white blood cell counts and bone marrow blast percentages. However, there was no obvious correlation, and responses to volasertib were seen in patients with both low and high counts. Future studies should determine whether the level of PLK1 expression may predict response to volasertib.
Overall, the combination of LDAC 1 volasertib showed a clinically manageable safety profile. There was an increase in hematologic AEs, as expected, from the antimitotic mode of action and from data of the phase 1 study of volasertib in patients with advanced solid tumors. 26 The time interval between cycles was somewhat longer in responding patients after LDAC 1 volasertib Response by BM blast count, n (%)
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30-50% 1/14 (7) 3/11 (27) . 50% compared with those after LDAC alone, reflecting a more profound myelosuppression and prolonged hematologic recovery. However, patients in the LDAC 1 volasertib arm were on treatment longer; therefore, comparisons between treatment arms overestimate the difference. In contrast, there was no difference in the number of red blood cell and platelet transfusions per month on treatment between the treatment arms. With regard to nonhematologic toxicity, there was an increase in neutropenic fever, infections, and gastrointestinal toxicity that mostly did not exceed grade 3. This observation was also expected given that in the phase 1 part, the maximum tolerated dose for volasertib monotherapy was mainly determined by mucositis at doses of 400 mg and higher (manuscript in preparation). 20 Of note, there was no increase in the death rate up to day 90, demonstrating that the increase in AEs did not result in an excess treatment-related mortality. Pharmacokinetic analyses suggest neither an effect of volasertib on the pharmacokinetics of cytarabine, nor an effect of cytarabine on the volasertib exposure.
In recent years, several attempts to improve upon the standard of care in older patients for who intensive induction therapy is not deemed appropriate have failed. Several novel agents have been tested in single-arm studies (eg, tipifarnib, laromustine, clofarabine), but very few have been validated in randomized, phase 3 trials. A phase 3 trial evaluated the efficacy and safety of tipifarnib compared with SC (including hydroxyurea) as first-line therapy in older patients. 30 Tipifarnib resulted in a CR rate of only 8%, and it did not prolong survival, with median survival times of 107 and 109 days for the tipifarnib and SC arms, respectively. Clofarabine, a novel nucleoside analog, has shown encouraging activity in single-arm studies. 31, 32 However, in a recent phase 3 trial of 406 older patients comparing clofarabine 20 mg/m 2 IV (days 1-5) with LDAC 20 mg bid s.c. (days 1-10), clofarabine doubled the CR/CRi rate (38% vs 20%), but did not result in an improvement of OS. 33 Patients in the clofarabine arm experienced increased myelosuppression and more grade 3/4 nonhematologic toxicities. Of note, the 30-and 60-day mortality was higher in the clofarabine arm compared with LDAC (18% vs 13% and 32% vs 26%, respectively). This is in contrast to the findings in our phase 2 study, which did not suggest a difference in early death rates between the 2 treatment arms. Compared with clofarabine, LDAC 1 volasertib appears to be less toxic and may induce remission in a more gentle way. Azacitidine was approved by US Food and Drug Administration and European Medicines Agency for AML with low bone marrow blast counts based on data from the pivotal myelodysplastic syndrome trial comparing azacitidine and conventional care regimens that included 113 patients classified as having AML under the current World Health Organization criteria (20% to 30% blasts). 34 However, the difference in OS was only significant when comparing azacitidine with SC, but not with LDAC or intensive chemotherapy. A trial comparing azacitidine and conventional care regimens in AML with more than 30% blasts is under way (www.clinicaltrials.gov #NCT01074047). Based on the data from the DACO-016 trial, decitabine was recently approved by European Medicines Agency (but not the US Food and Drug Administration) for the treatment of older patients with AML. 36 In our study, the median RFS of CR and CRi patients was 18.5 months in the LDAC 1 volasertib arm and 10.0 months in the LDAC arm, suggesting that the LDAC 1 volasertib might provide benefit not only by increasing the remission rate, but also by prolonging RFS of responding patients. However, the limited sample size of this phase 2 trial was not sufficient to draw final conclusions regarding RFS differences. In the current trial, the combination of LDAC 1 volasertib led to response (31% CR/CRi rate) and survival data (median survival 8.0 months; 1-year OS estimate 36.8%) that appear at least equivalent to data from previous trials conducted in similar patient populations. Based on these encouraging data, a randomized, placebo-controlled, phase 3 trial has been initiated comparing LDAC with and without volasertib.
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